Abstract. The low cycle fatigue tests of SA508 Gr.1a low alloy steel were carried out to investigate the fatigue crack growth mechanisms in high temperature water. The fatigue life in 310 o C deoxygenated water was shorter than that in air. Furthermore, the reduction in the fatigue life in 310 o C deoxygenated water was enhanced with a decreasing strain rate, from 0.4 to 0.008 %/s. The ductile striations with the streamed down features, which may indicate the occurrence of the metal dissolution, were mainly observed at the strain rate of 0.008 %/s. And the flat facets and the brittle cracks, which may be evidences for the HIC, were primarily observed in the strain rate range from 0.04 to 0.4 %/s. From the analysis of microstructure, it is thought that the HIC contribute dominantly to the reduction in the fatigue life in the strain rate range from 0.04 to 0.4 %/s and the metal dissolution is mainly responsible for the reduction in the fatigue life at the strain rate of 0.008 %/s.
Introduction
Environmental fatigue damage is one of the significant degradation mechanisms in nuclear power plants [1] . Because many component of nuclear power plant was made of low alloy steels (LASs), an understanding of the environmental fatigue behaviors of LASs is very important to assess the integrity and the safety of nuclear power plants. As the ASME design fatigue curve did not explicitly address the environmental effect, several researches have been performed to account the effect of high temperature corrosive environment on the low cycle fatigue (LCF) behaviors of LASs [2] [3] [4] . Although the LCF data of various LASs in high temperature water have been produced up to recently, the data of SA508 Gr.1a LAS used as piping material in Korean nuclear power plant is insufficient.
It has reported that the fatigue life of LASs is reduced by the occurrence of the environmentally assisted cracking (EAC) mechanisms [2, 4] . Two representative EAC mechanisms, such as the metal dissolution and the hydrogen-induced cracking (HIC) have been suggested to explain the reduction in the fatigue life in high temperature water. It has been proposed that the dissolution of metal would accelerate the crack propagation, thereby decreasing the fatigue life [5] . Also, it has been reported that the hydrogen absorbed into the metal would induce the enhancement of the fatigue crack growth rate [2, 6] . However, as both mechanisms involve in the fatigue crack growth process simultaneously, it is very difficult to evaluate the relative contribution of these mechanisms on the reduction in the fatigue life of LASs in high temperature water.
In this regard, the LCF tests were carried out to produce the fatigue life data of SA508 Gr.1a LAS used in Korean nuclear power plant. Also, from the microstructure analysis, the influence of the metal dissolution and the HIC on the reduction in the fatigue life of SA508 Gr.1a LAS in 310 o C deoxygenated water was investigated by microstructure observation.
Experimental Details
The test material was ASME SA508 Gr.1a LAS used as piping material of the reactor coolant system in several Korean nuclear power plants. The chemical composition of the test material is given in Table 1 . The test material was normalized at 920 o C for 10 minutes in air, followed by quenching in water. And then, the test material was tempered at 650 o C for 130 minutes in air. The LCF tests conditions are summarized in Table 2 . The round bar type specimens with gauge diameter of 9.63 mm and gauge length of 19.05 mm were used in the current study [7] . The fatigue life, N 25 , was determined as the number of cycles when the tensile stress decreased by 25% from the maximum tensile stress. After the tests were finished, the fatigue surface was examined to investigate the fatigue crack morphologies by JEOL JSM-6460 scanning electron microscope (SEM). Fatigue life test results. Figure 1 shows the fatigue life of SA508 Gr.1a LAS with various loading conditions in 310 o C deoxygenated water. For comparison, the ASME design fatigue curves and the fatigue life data in air are also shown in Figure 1 [8] . As shown in Figure 1 , under the same loading EAC mechanisms. From the observation of the fatigue crack morphologies, the relationship between the reduction in the fatigue life and the EAC mechanisms was investigated with various strain rates. Figure 2 shows the fatigue surfaces of the specimens tested in RT air, and in 310 o C deoxygenated water. As shown in Figure 2 (a) , the well-developed ductile striations were observed on the fatigue surface of the specimen tested in RT air. However, the fatigue crack features of the specimens tested in 310 o C deoxygenated water were different from that in RT air, as shown in Figure 2 (b), (c), and (d) . Additionally, the characteristics of the fatigue crack morphologies of the specimens tested in 310 o C deoxygenated water were changed with various strain rates. As shown in Figure 2 (b) , the ductile striations with streamed down features were mainly observed for the specimen tested at the strain rate of 0.008 %/s. These streamed down features reveal the occurrence of the metal dissolution. The process of the metal dissolution is as follows: (i) formation of the protective oxide film at the crack tip, (ii) rupture of the oxide film by applying strain, (iii) exposure of fresh bare metal to the corrosive environment, (iv) dissolution of the freshly exposed metal, and (v) increase of crack growth rate due to the metal dissolution [5] . Therefore, it is thought that the metal dissolution is responsible for the reduction in the fatigue life of SA508 Gr.1a LAS at the strain rate of 0.008 %/s in 310 o C deoxygenated water.
Results and Discussion
As shown in Figure 2 (c) and (d), the brittle cracks and the flat facets were generally observed for the specimens tested at the strain rates of 0.04 and 0.4 %/s. These features can be the evidences for the HIC [6] . As the grain boundaries and the interfaces of inclusions/matrix are strong trapping sites for the absorbed hydrogen, the hydrogen concentration at these sites would be high and then the local stress can be increased by the absorbed hydrogen [6, 9] . Therefore, at the grain boundaries and the interfaces of inclusions/matrix, the crack growth may be accelerated by the absorbed hydrogen, thereby reducing the fatigue life of SA508 Gr.1a LAS at the strain rates of 0.04 and 0.4 %/s in 310 o C deoxygenated water. At slower strain rate, the hydrogen absorption and the metal dissolution may be retarded as the rupture rate of the protective oxide film is low. However, although the rupture rate of the oxide film is low, the metal can be dissolved because the protective oxide film may be ruptured by the slip steps. Therefore, from the observation of the fatigue crack morphologies, it is thought that the metal dissolution is the dominant EAC mechanism at the strain rate of 0.008 %/s and the HIC is main EAC mechanism at the strain rates of 0.04 and 0.4 %/s.
Summary
The LCF tests of SA508 Gr.1a LAS were performed to investigate the fatigue crack growth mechanisms in high temperature water. The fatigue life of SA508 Gr.1a LAS in 310 o C deoxygenated water was shorter than that in air, and moreover, the reduction in the fatigue life was enhanced with a decreasing strain rate, from 0.4 to 0.008 %/s.
The ductile striations with the streamed down features, which may indicate the occurrence of the metal dissolution, were mainly observed at the strain rate of 0.008 %/s. And the flat facets and the brittle cracks, which may be the evidences for the HIC, were primarily observed in the strain rate range from 0.04 to 0.4 %/s. From the analysis of microstructure, it is thought that the HIC contribute dominantly to the reduction in the fatigue life in the strain rate range from 0.04 to 0.4 %/s and the metal dissolution is mainly responsible for the reduction in the fatigue life at the strain rate of 0.008 %/s. Because the rupture rate of the oxide film is low at slower strain rate, the oxide film may work the strong barrier to the hydrogen absorption, thereby decreasing the influence of the hydrogen on the fatigue life reduction.
